Introduction
The effect of space weather over the equatorial and low latitudinal ionosphere has great importance due to its unique features. A number of studies have been conducted on low latitudinal ionospheic responses during magnetic storm periods that have significantly advanced our knowledge on this subject (Kelley et al., 1979; Dabas and Jain, 1985; Abdu et al., 1990 Abdu et al., , 1995 Fejer, 1991; Lakshmi el al., 1997; de Medeiros et al., 1997; Sobral et al., 1997; Abdu, 1997; Sastri et al., 2000; Abdu, 2001; Sastri et al., 2002; Pincheira et al., 2002; Pavlov, 2002a, 2002b; Pavlov et al., 2004; Lynn et al., 2004 and Lima et al., 2004) . Evidence has been provided by Fesen et al. (1989) for the effect of winds blowing across the magnetic equator transporting plasma along the nearly horizontal field lines. A recent study by Sobral et al. (2001) presented some cases of foF2 increases over low latitudes to be related to an enhanced plasma fountain. Burns et al. (1995) reported the occurrence of adiabatic heating at low latitudes as a result of downwelling from the storm-time changes in the global thermospheric circulation. Abdu (1997 and presented comprehensive reviews; one on the major phenomena of the equatorial ionosphere-thermosphere system under disturbed conditions and the second on outstanding problems in the equatorial ionosphere-thermosphere electrodynamics relevant to spread-F. It was reported that during disturbed conditions, modifications to the Equatorial Ionisation Anomaly (EIA), Equatorial Spread-F (ESF) and Equatorial Electrojet (EEJ) are produced by disturbance electric fields resulting from prompt equatorward penetration of magnetospheric/high latitude electric fields, by a disturbance dynamo which is driven by enhanced global thermospheric circulation resulting from energy input at high latitude, and by disturbance winds (zonal and meridional) modifying the equatorial thermospheric dynamics. Pincheira et al. (2002) studied the ionospheric and thermospheric responses to magnetic storm disturbances over the South American sector using foF2, hmF2 and the neutral winds extracted from measured hmF2, using the Interhemispheric Plasma (FLIP) model. It is reported that EIA can undergo enhancement due to the magnetospheric disturbance electric fields which penetrate to low latitudes during the growth phase of a storm/sub-storm, whereas EIA inhibition occurs more often under a disturbance dynamo (DD) electric field. The relative roles of different mechanisms responsible for the suppression of the equatorial anomaly were studied numerically by Pavlov et al. (2004) . A detailed statistical study of the negative storm-time disturbances based on ionosondes data was carried out by Pavlov (2002a, 2002b) . Also, season-dependent meridional/transequatorial winds can significantly alter the EIA response to disturbance electric fields. Lima et al. (2004) studied the response of the equatorial and low latitude ionosphere during a storm in April 2002 and the observed F-region parameters when compared with the TIMEGCM model show reasonable agreement during magnetic disturbances. Lynn et al. (2004) , using a combination of TOPEX/Poseidon TEC and ionosonde observations, studied the cases of storms showing a strong depression in daytime foF2 values at low latitudes which are caused by the suppression in the equatorial ionization anomaly. Some studies on the ionospheric response to magnetic storms have been conducted over India using ionosonde data. The response of the equatorial and low latitude F-region to the great magnetic storm of 13 March 1989 was studied by Lakshmi et. al. (1991) , who used ionosonde data available for various equatorial and low latitudinal stations in India. The studies by Kotadia and Ramanathan (1962) and Kotadia (1962) presented cases of negative ionospheric responses over the entire latitude range around the geomagnetic equator. Sastri et al. (2002) studied the response of the equatorial ionosphere in the Indian midnight sector to the severe magnetic storm of 15 July 2000 and reported a remarkably large downward movement of the F-region simultaneously at locations throughout the equatorial region, due to a short-lived westward electric field disturbance. The purpose of this paper is to examine the behaviour of the ionosphere over the Indian equatorial and low latitude regions during the three most severe storms which occurred on 29 October 2003 , 20 November 2003 and 7 November 2004 . For this purpose ionospheric F2 layer parameters, foF2, h F and hmF2, obtained from two stations, namely Delhi (28.3 N, 77.1 E, dip 42.4 N) and Trivandrum (8.2 N, 76 .9 E, dip 0.6 N), are analysed in this paper for the three magnetic storms of 29 October, 20 November 2003, and the most recent one on 7 November 2004. The above storms are rated as the most severe storms of the current solar cycle number 23.
Data and analysis
The data used for the present study are hourly values of the ionospheric parameters obtained from the digital ionosondes operateing in New Delhi (a low latitude location north of EIA crest) and Trivandrum (an equatorial station), respectively, during the specific time period of the three magnetic storms. Both digital ionosondes are fully computer-controlled systems, and they operate in the vertical incidence mode and provide information on various ionospheric parameters, such as foF2, h F, hmF2, foEs, etc. Although both ionosondes have computerized scaling capability, all data were scaled manually. The hmF2 values are obtained using the simplified formulation given by Dudeney (1983) . It is to be pointed out here that the value of hmF2 is a function of M(3000)F2 and foE. During nighttime, when foE measurements are not available, the magnitude of hmF2 so obtained is slightly overestimated. Therefore, nighttime hmF2 values used in the present study are slightly-overestimated. To study the impact of the magnetic storm on the equatorial and low latitudinal ionosphere, during the three storms of October and November 2003 and the most recent one in November 2004, the F-region parameters, foF2, h F and hmF2, over Trivandrum and Delhi, are analysed in relation to quiet-day values of these parameters closest to the respective storm times. Table 2 gives the list of study days including a reference quiet day for each of the three storms, along with the daily solar 
Results
The general interval of October-November 2003 and November 2004 are important for the study of the ionosphere due to the three most severe magnetic storms (details of which are given in Table 1 ) of the current solar cycle number 23 which occurred during these periods. The storm intensity in all three events was so high that the K p value reached 9 − to 9 0 during these storms. As seen from Table 1 all three magnetic storms were reported as the sudden commencement (SC) type and the maximum negative excursion of D st for the three storms generally varied between −325 nT and −450 nT. In this paper we present and discuss the disturbance variations of the parameters foF2, h F and hmF2 during each magnetic storm.
Magnetic storm of 29 October 2003
The storm of 29 October 2003 started with an SC at 06:13 UT (11:43 LT) and the maximum negative excursion in D st of −308 nT was reached in the local early morning hours, at 05:00 LT, on 30 October, which was followed by a recovery phase that lasted until the late evening of 30 October. Subsequently, a more intense storm set in with the D st value reaching a maximum excursion of −347 nT at 03:30 LT on 31 October 2003. The K p value during this period reached 9 0 . Figure 1 shows, during the interval October 28 to November 1, the foF2, h F and hmF2 deviations from their nearest quiet-day value for Delhi and Trivandrum. From the figure it is clearly observed that, at Delhi, during the daytime of 29 October, foF2 raises by more than 4 MHz from its quiet-day values with corresponding increases in h F and hmF2 by more that 100 km and 75 km, respectively; foF2, hmF2 and h F remain higher than the quiet day values until midnight but then there is sudden and drastic increases in h F and hmF2, with a deviation reaching up to a maximum of 300 km and 200 km, respectively, above their quiet-day values, until about sunrise time (30 October). During this height increase the foF2 values showed a sudden decrease, which is contrary to a daytime behaviour where foF2 is expected to increase with the increases in h F and hmF2. On 30 October, for which the recovery phase of the storm was in progress, daytime foF2 values show a sinusoidal variation similar to that of travelling ionospheric disturbances (TIDs) with a similar h F variation. On the following night (i.e. on the night of 30-31 October) another severe magnetic storm sets in at 22:00 LT when the D st value reached −347 nT during the post midnight hours (at 03:00 LT) over the observing site. Corresponding to this D st variation there is again a sudden and dramatic increase in both h F and hmF2, with a deviation reaching more than 300 km and 200 km, respectively, above their quiet-day values, without much change in the foF2 values. During the recovery phase of this second storm, there was again as increase up to 5 MHz in the daytime foF2 values but without any change in the corresponding h F values, whereas hmF2 values remain higher Regarding the foF2, hmF2 and h F variations at the equatorial location it is observed (in Fig. 1 ) that the F-region ionization becomes drastically depleted during the period of the main phase of the storm, i.e. on the night of 29-30 October 2003, as can be noted in the drastic decrease in foF2 by about 5 MHz with respect to its quiet-day values. The fall in ionization at Trivandrum continued up to the pre-dawn hours and rapidly start to recover with the onset of local sunrise. An interesting feature noted in h F and hmF2 variations during the storm main phase is the large decrease up to 125 km and 230 km, respectively, in the h F and hmF2 values from the quiet-day values during pre-sunset hours which indicates the suppression of the usual sunset enhancement in h F during magnetic disturbances (Rishbeth, 1971; Dabas et al., 1989) . During the post-midnight hours, corresponding to the D st maximum negative excursion, there is a sudden increase in both hmF2 and h F values by more than 200 km and 100 km, respectively, from their nearest quiet day values on the night of 29-30 October 2003, which is coincident with the sudden fall in foF2 values by 6 MHz from the quiet-day values. It may be noted further that the above variations occur prior to the start of the recovery phase. From the above results of the foF2, hmF2 and h F variations at the equatorial station Trivandrum and low latitude station Delhi, it is noted that during the daytime, the value of foF2 generally increases at low latitude and decreases at the equatorial location, and the corresponding hmF2 and h F values also show similar variations, during magnetic storms. During post-midnight hours, under the D st maximum negative excursion phase, there is a sudden increase in both hmF2 and h F values, at both locations, but the relative enhancement is more at the low latitude station as compared to the equatorial station in the storm cases (see Fig. 1 ), whereas a sudden collapse of foF2 is observed only at the equatorial location. Fig. 2 shows the D st variations for this storm and the bottom panels, respectively, give the corresponding deviations of foF2, h F and hmF2 from their reference quiet-day values. As seen from Fig. 2 , the maximum negative excursion of D st reached −429 nT around local midnight on the night of 20-21 November, followed by the recovery phase. The reported maximum K p in this case was also 9 − . As compared to the two successive storms of October 2003 this one is a clean storm. In this case an enhancement in foF2 is also observed at Delhi, starting from the afternoon hours until local midnight hours of 20 November, when the main phase of the storm is in progress without much change from midnight to around the sunrise period. But on 21 November 2003, starting from sunrise until the evening hours, and during the storm recovery phase, a large enhancement is observed in foF2 values up to 6 MHz over Delhi which returned to normal values after the sunset hours. In contrast to the Delhi foF2 variations described above, the Trivandrum foF2 variation shows a totally opposite behaviour, i.e. corresponding decreases in foF2 values from its quiet-day values. Regarding the h F and hmF2 variations over Delhi and Trivandrum we may note in Fig. 2 (bottom panels) sharp periodic increases (the positive deviations of h F and hmF2 at both locations reached more than 200 km) and decreases in both h F and hmF2 values from sunset to the morning hours on the night of 20-21 November 2003. For this event the main phase was in progress during the evening hours, where the maximum negative excursion in D st occurred around midnight, which was promptly followed by a storm recovery phase that lasted until the end of the day (21 November). In the equatorial region only two peaks (enhancements) are observed in h F and hmF2, just before and after midnight. One of them occurred during the main phase and the second one just after the start of the recovery phase of the storm. But at the low latitude region, the h F value shows three major positive deviations, the first one during the main phase, the second one during the D st maximum negative excursion time and the third one during the recovery phase. It may be noted further that the deviation in h F and hmF2 is less over the low latitude location Delhi as compared to over the equatorial station Trivandrum (see Fig. 2 ).
Magnetic storm of 7 November 2004
The month of November 2004 witnessed an unusual solar activity with the biggest magnetic storm of 2004 and the fourth biggest of the current solar cycle number 23 (according to the World Data Centre for Geomagnetism at Kyoto University), starting at 05:30 UT (11:00 LT) on 7 November 2004. Figure 3 shows the plots of D st variations (top panel), and the deviations of foF2, h F and hmF2 from the quietday values (lower panels) observed over Delhi and Trivandrum during 6-11 November 2004. As seen from Fig. 3 , after the initial phase during the local forenoon hours, a sharp decrease in D st (main phase) sets in with the maximum negative excursion of D st reaching −383 nT around local midnight on 7 November 2004, in about ten hours. An equally fast recovery phase followed until the afternoon of 8 November when the recovery slowed down. The slow recovery phases lasted until 9 November morning hours when another storm set in. As seen from Fig. 3 , the D st decrease is rather slow and periodic in this case, reaching a negative maximum excursion of −300 nT in the post-midnight periods of 9-10 November. The recovery phase of the second storm continued until 14 November or even later. On 7 November, during the period of the main phase of the first storm, though there was not much change in the foF2 values over the equatorial station Trivandrum, a sharp collapse is observed in foF2 (with a maximum decrease up to 10 MHz) at the low latitude station Delhi from about 12:00 LT, lasting until midnight, before the recovery phase of the storm set in. Subsequently, during the recovery phase of the storm (i.e. on 8 November), the enhancement followed by a depletion in foF2 values is observed over Delhi with opposite behaviour over Trivandrum. Again, throughout the entire day of 9 November 2004, i.e. during the main phase of the second storm, the foF2 values over Delhi and Trivamdrum remain higher than the quiet-day values, with the sharp peak over Delhi in the evening hours when foF2 increases by 10 MHz. On the following days, i.e. 10 and 11 November, during the recovery phase of the storm, a good degree of enhancement in foF2 over Delhi and depletion over Trivandrum is also observed for most of the time. For this storm sequence the h F and hmF2 variations can be described as follows: during the main phase of the first storm (see Fig. 3 ), the fall in foF2 values over Delhi, on 7 November 2004, is almost coincident with the rapid enhancement up to 200 km in h F and a small enhancement in the hmF2 values, with opposite behaviour at Trivandrum from 14:00 to 00:00 h. Again, during the second storm on the night of 9-10 November, a sharp rise in h F, and hmF2, up to 300 km and 200 km, respectively, from quiet-day values, is observed over Delhi around the period of the D st maximum negative excursion. A similar behaviour in h F and hmF2 is also observed over the equatorial station Trivandrum but the magnitude of deviation was comparatively less than that over Delhi. On the 10-11 November night, when the recovery phase of the storm is still continuing, a sharp fall in h F and hmF2 is observed in the pre-midnight hours at both locations, which was followed by sharp increases in the post-midnight hours with a time delay of few hours at Delhi. It may be noted from Fig. 3 that when the value of h F falls after a rise, an increase in the foF2 values is observed and this trend of apparently related foF2 and h F variations over Delhi is similar to those observed during the two other storms discussed above (see Figs. 1 and 2 ). main point here is to show that there was a sharp upward and downward movement of the F-layer over Delhi due to disturbance electric fields during the severe magnetic disturbances. The above results further confirm the influence of fast changing disturbance electric fields on the F-layer height variations at a station, which is well beyond the daytime EIA crest.
Discussions
A very wide impact of magnetic storm on F-region ionosphere is observed in the above results. It is also noted that the storm impact on F-region varies with latitude. A rapid and simultaneous increase in the F layer height (h F and hmF2), both at equatorial and low latitudes, causes a dramatic ionization collapse/depletion in the equatorial F-region ionosphere, which is followed by an enhancement over the low latitude region during local post-midnight hours of the storm period. An enhancement of F-region ionization at low latitudes is normally observed during the recovery phase of the storm after the sudden rise in h F and hmF2. During the growth phase of a storm, an enhancement in both foF2 and height (h F and hmF2) over low latitudes and the opposite behaviour over the equatorial region is observed. The above observed enhancement/collapse in F-region ionization and its height can be caused by several factors. During magnetic disturbances, the changes in ionospheric heights with respect to their quiet-time patterns at low latitudes, are produced by vertical plasma drifts driven by a) magnetospheric electric fields penetrating to equatorial latitudes, b) disturbance dynamo electric fields, c) disturbance meridional winds, or d) disturbance zonal winds whose influence is important near sunset. Right over the magnetic equator, only the first two items are responsible for modifications in the vertical plasma drifts while item d) plays a role near sunset (Abdu, 1997) . The simultaneous h F and hmF2 rise during the midnight and post-midnight hours at equatorial and low latitudinal regions can be produced mainly by a large disturbance eastward electric field while the effect of disturbance equatorward meridional winds also contribute to changes at low latitude locations. In addition (see Figs. 4a and 4b), corresponding to the sharp rise and fall of h F and hmF2 over Delhi, associated with the maximum negative excursion of D st , F-layer vertical upward/downward velocity, calculated using Doppler shifts, also shows similar fast variations, with velocity values as high as 200 m/s. This further confirms the influence of fast changing disturbance electric fields on the F-layer height variations at a station which is well beyond the daytime EIA crest. Also, it is well known that the plasma distribution in equatorial and low latitudes is mainly controlled by E×B drift through a plasma fountain, which is responsible for the equatorial ionization anomaly. During magnetic disturbances, the disturbance electric fields could enhance the development or inhibition of the equatorial ionization anomaly, whereas the disturbance winds seem to always inhibit EIA (Abdu, 1997) . For a better understanding, the effects observed in the present study can be divided into two parts: first, the variation of foF2 and h F during the pre-midnight storm period and second, the variations in these parameters during the post-midnight period. During the noontime to pre-midnight period, it is found that the value of foF2 increases with increases in h F and hmF2, as compared to the quiet-day value at the low latitude region, while at the equatorial region it is found that the deviation in foF2 is just the opposite to the deviation noted in the h F and hmF2 values. This behaviour of the ionosphere might be due to the wellknown phenomenon of E×B drift over the equatorial region. The effect of an enhanced fountain seems to be clearly present during the pre-midnight hours of the second storm (Fig. 2) , when the h F and hmF2 values at both the equatorial and low latitudinal regions were higher than the quiet-day values. In this case the larger h F and hmF2 enhancement in the equatorial region than at low latitudes would suggest the dominant role of the E×B effect over the geomagnetic equator. While the foF2 decreases over the equatorial region it increases over the low latitude region, indicating that equatorial plasma transport by the fountain effect did reach up to Delhi latitudes. This result is similar to that observed in the case of a night-time reversal of the electric field to the eastward direction, reported by various researchers (Dabas et al., 1989; Aarons, 1991; Abdu, 2001 and references therein).
The results from the studies of storms 1 and 3 (see Figs. 1  and 3) show that, in the midnight to morning sector, the h F and hmF2 rise over low latitude is slightly higher than that over the equatorial location, whereas in the case of storm 2 (see Fig 2) it was the opposite. This might be due to the fact that storm 2 (see Fig. 2 ) was a clean one, whereas the other two storms (Figs. 1 and 3) were each followed by another storm during their recovery phases. But still the observed change in heights (h F and hmF2) over equatorial and low latitudes is produced mainly by the E×B drift though the disturbance meridional winds, for a given amplitude of the disturbance electric field, which can further amplify the vertical drift/F-layer height at low latitude if the direction of the winds is equatorward (Abdu, 1997) . In the case of the severe storm of 15 July 2000, Sastri et al. (2002) reported a large downward movement of the F-region which occurred simultaneously at locations throughout the equatorial region (dip 0.3-20 N) in the Indian midnight sector, with maximum amplitude close to the magnetic equator, which is indicative of a short-lived westward electric field disturbance. Also in the present study, after a initial sudden rise, a similar short-lived, large, downward movement of the F-layer heights (both h F and hmF2) is observed (see Fig. 2 for the 20 November 2003 storm), with a maximum amplitude over the magnetic equator, which was again followed by a sharp rise in heights.
The simultaneous presence of a strong eastward electric field, as indicated by the increases in h F and hmF2 at the equator, as well as over low latitudes, and the effect of the resulting fountain effects, is responsible for the observed collapse of foF2 at the equatorial location and the enhancement after a time lag over low latitudes, especially in the midnightmorning sector. The present results (see Figs. 1-3) , showing simultaneous large enhancements of h F and hmF2, both at equatorial and low latitudes, with a depletion of ionization over the magnetic equator and the enhancement over low latitudes, is due to the upward E×B drift over the geomagnetic equator, induced by a strong disturbance eastward electric field in the post-midnight period. The above results, about the response of EIA to transient electric fields, shows that the "disturbance fountain" expands EIA to a much wider latitudinal belt than the normal fountain driven by the E/F-layer dynamo electric fields and reconfirms the earlier finding by Abdu et al. (1991) from the Brazilian sector.
Conclusions
The space weather effect in the equatorial and the low latitudinal F-region ionospheric parameters are studied in some detail during three most severe magnetic storms of recent times, by using digital ionosonde data from two locations, namely Trivandrum, at the magnetic equator, and the Delhi low latitude station, situated north of the daytime equatorial ionization anomaly belt width. During this study several striking features are observed. The most important is the simultaneous large enhancement of h F and hmF2, both at equatorial and low latitude locations, associated with the disturbance eastward electric field during the severe magnetic disturbances. At Delhi, fast variations, up to 200 m/s in the F-layer vertical upward/downward velocity, calculated using Doppler shifts, associated with the maximum negative excursion of D st , further confirm the influence of rapidly changing disturbance electric fields on the F-layer height variations at a station which is well beyond the daytime EIA crest.
The second most important is the depletion of ionization over the magnetic equator and the enhancement over low latitude, due to the upward E×B drift at the magnetic equator, induced by strong disturbance eastward electric fields in the post-midnight period. Also, during two storm periods (see Figs. 1 and 3) , in the midnight to morning sector, the h F and hmF2 increases over low latitude are slightly higher than those over the equatorial location, whereas in one case (see Fig. 2 ) it was the opposite. This seems to be caused by the influence of disturbance meridional winds in association with the disturbance eastward electric field, as suggested by Abdu (1991) . The presented observation from the Indian zone, about the response of EIA to transient electric fields, shows that the "disturbance fountain" expands EIA to a much wider latitudinal belt than the normal fountain driven by the E/F-layer dynamo electric fields and reconfirms the earlier finding by Abdu et al. (1991) from the Brazilian sector.
